Introduction: Prompt diagnosis of obstructive sleep apnea (OSA) after acute ischemic stroke (AIS) is critical for optimal clinical outcomes, but in-laboratory conventional polysomnograms (PSG) are not routinely practical. Though portable out-of-center type III cardiopulmonary sleep studies (out-of-center cardiopulmonary sleep testing [OCST]) are widely available, these studies have not been validated in patients who have recently suffered from AIS. We hypothesized that OCST in patients with AIS would yield similar results when compared to conventional PSG. Methods: Patients with AIS had simultaneous type III OCST and PSG studies performed within 72 hours from symptom onset. The accuracy of OCST was compared to PSG using: chi-square tests, receiver operatory characteristic curves, Bland-Altman plot, paired Student's t-test/Wilcoxon signed-rank test, and calculation of sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). Results: Twenty-one out of 23 subjects with AIS (age 61±9.4 years; 52% male; 58% AfricanAmerican) successfully completed both studies (9% technical failure). Nearly all (95%) had Mallampati IV posterior oropharynx; the mean neck circumference was 16.8±1.6 in. and the mean body mass index (BMI) was 30±7 kg/m 2 . The apnea hypopnea index (AHI) provided by OCST was similar to that provided by PSG (19.8±18.0 vs 22.0±22.7, respectively; P=0.49). On identifying subjects by OCST with an AHI $5 on PSG, OCST had the following parameters: sensitivity 100%, specificity 85.7%, PPV 93%, and NPV 100%. On identifying subjects with an AHI $15 on PSG, OCST parameters were as follows: sensitivity 100%, specificity 83.3%, PPV 81.8%, and NPV 100%. Bland-Altman plotting showed an overall diagnostic agreement between OCST and PSG modalities for an AHI cutoff .5, despite fine-grained differences in estimated AHIs. Conclusion: Compared with PSG, OCST provides similar diagnostic information when run simultaneously in AIS patients. OCST is a reliable screening tool for early diagnosis of OSA in AIS patients.
Introduction
Stroke is the fifth leading cause of death in the US and the leading cause of disability, responsible for $20 billion per year in lost wages. 1 The most effective approach to diminish stroke-related burden is to reduce the incidence of first-time and recurrent stroke. Thus, recognition and treatment of modifiable risk factors are of particular importance. Besides the well-established modifiable risk factors, such as heart disease, 2 hypertension, 3 diabetes mellitus (DM), 4 smoking, 5 This article was published in the following Dove Press journal: Nature and Science of Sleep 20 October 2015 Number of times this article has been viewed submit your manuscript | www.dovepress.com
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chernyshev et al obesity, 6 and hypercholesterolemia, 7 obstructive sleep apnea (OSA) is emerging as an important independent risk factor. [8] [9] [10] OSA is very common in patients suffering from acute ischemic stroke (AIS), ranging from 45% to 95% of poststroke patients. [11] [12] [13] [14] [15] In the acute stroke setting, the presence of OSA is associated with early neurological deterioration, increased stroke recurrence, increased mortality, increased length of hospital stay, and decreased functional recovery. 12, 14, [16] [17] [18] [19] [20] [21] [22] OSA contributes to hypertension, myocardial infarction (MI), heart failure, and arrhythmias, all of which could also act as intermediate variables influencing the risk for stroke [23] [24] [25] or its prognosis.
Continuous positive airway pressure (CPAP) therapy is an effective treatment of OSA. 26 CPAP treatment of mildto-moderate OSA has been shown to reduce cardiovascular risk and improve systemic hypertension, significant factors for the development of ischemic stroke. 27, 28 In patients with ischemic stroke and OSA, positive pressure therapy of sleep apnea (SA) prevents new vascular events after ischemic stroke and reduces 5-year mortality. 20, 29, 30 Given these facts, assertive and rapid initiation of CPAP in patients who have both AIS and OSA is essential -early initiation of OSA treatment in the acute poststroke setting could potentially minimize further damage to injured neural tissue and improve outcome. 31 That said, no data are available on the optimal timing of diagnostic sleep studies and CPAP therapy in the acute setting, after stroke or transient ischemic attack (TIA) .
Recently, several out-of-center sleep testing (OCST) devices were developed and validated for portable diagnosis of OSA in the ambulatory setting. [32] [33] [34] [35] [36] OCST devices have been used to diagnose OSA in patients with congestive heart failure (CHF), 37, 38 hypertension, 39 and stroke. 40, 41 The use of OCST devices for diagnosis of OSA may reduce costs by as much as 42%, when compared with conventional polysomnography (PSG). 42 Optimal validation studies comparing two techniques (such as OCST and PSG) involve simultaneous testing of both devices on the same subject, to eliminate confounding due to night-to-night variability of severity of disease. 32 Few data exist comparing OCST devices to PSG using this simultaneous data acquisition method. 40, [42] [43] [44] Of importance, there are, to date, no published data reporting the synchronous comparison of OCST to PSG in the setting of stroke, whether acute, subacute, or chronic.
Our objective was to validate a portable, in-hospital OCST device for the diagnosis of OSA in patients with AIS (defined as ,72 hours from stroke symptom onset) using simultaneously acquired PSG as the gold standard.
Methods
This pilot prospective study was initiated and conducted in the Louisiana State University Health Sciences Center, after an approval from a local institutional review board. Patients with AIS were recruited from LSU Health Sciences Center at Shreveport, LA, USA.
Subjects
Consecutive adults (.18 years old) presenting to an academic medical center with AIS (defined as stroke symptom onset no greater than 72 hours) were recruited to participate. For women of child-bearing potential, a negative serum or urine pregnancy test was required. Other inclusion criteria included National Institute of Health Stroke Scale (NIHSS) score $1 and modified Rankin Scale score $1. All subjects completed informed consent procedures. For subjects who were unable to effectively communicate, informed consent was granted by the next of kin or legal caregiver.
Exclusion criteria included 1) refusal to sign the informed consent; 2) time from symptom onset to emergency department arrival .72 hours; 3) intracranial hemorrhage; 4) prestroke modified Rankin Scale score of 4 or greater; 5) respiratory distress requiring mechanical ventilation or supplemental oxygen; 6) cardiac or respiratory arrest within the past 3 months; 7) MI within the past 3 months; 8) any other unstable medical condition felt likely to interfere with participation; 9) life expectancy less than 6 months; and 10) prior known diagnosis of OSA and active pregnancy.
Medical and neurological baseline evaluation
Following informed consent, eligible subjects underwent a baseline medical assessment, which included a structured interview, standardized physical exam, and medical records review. Characteristics of the study population are provided in Table 1 . 45 Neuroanatomic localization and etiology of AIS were determined using available radiographic imaging studies and the clinical presentation, based on described clinical subtypes and by using the TOAST classification system. 46 Stroke symptom severity was prospectively measured using the baseline NIHSS. 47 Functional level was determined using the modified Rankin Scale and the Barthel Index. 48, 49 The NIHSS assesses eleven domains of neurological function where a score of 0 indicates normal functioning and
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Portable OcST as an early Sa screening tool in acute stroke higher scores indicate worse stroke severity. The functional level was measured by 1) modified Rankin Scale, which has seven functional levels (a score of 0 indicates normal functioning and the highest score of 6 indicates death) and 2) Barthel Index, which is measured from 0 (complete disability) to 100 (normal function).
PSg studies
Standard-montage digitally acquired PSG (Alice 5 system, Respironics, Philadelphia, PA, USA) included nasal-oral pressure transducer and nasal-oral thermistor airflow tracing, abdominal and thoracic respiratory impedance plethysmography effort belts, digitally acquired pulse oximetry, electrocardiogram, frontal, central and occipital electroencephalogram, electrooculogram, position sensor, continuous video monitoring, chin electromyogram (EMG), and bilateral lower extremity EMG. Simultaneous acquisition of OCST, using Embletta X100, was also performed, with position sensor, pulse oximetry, nasal-oral pressure transducer, airflow traces, wrist actigraphy, and thoracic and abdominal strain-gauge effort sensors. According to the SCOPER classification, Embletta X100 device is identified as S-0, C-3, O-1, P-2, E-1, and R-2. 50 
Diagnosis of sleep apnea
Studies were scored for sleep stages (PSG) and respiratory events (PSG and OCST) by an experienced scoring technician, according to the 2007 AASM Manual for the Scoring of Sleep and Associated Events. All scoring was independently reviewed by two board-certified sleep medicine physicians, who were blinded to the subject's clinical history and to the scoring of the simultaneous study (PSG vs OCST). Hypopnea rule 4A (requiring 4% oxygen desaturation with a 30% reduction in airflow) was used. The apnea hypopnea index for the standard PSG (PSG-AHI) was calculated by dividing the total number of apneas and hypopneas by the total sleep time, in hours. 51, 52 The apnea hypopnea index for OCST (OCST-AHI) was calculated by dividing the total numbers of apneas and hypopneas by the total sleep time, as calculated by the actigraphy recording. The baseline oxygenation was defined as the oxygen saturation in the first minute of the study. The lowest oxygen desaturation level was defined as a lowest point of oxygen saturation detected in association with respiratory events during total sleep time.
The severity level of OSA was determined by the apnea hypopnea index (AHI), with mild OSA indicating AHI . [51] [52] [53] SA was defined as OSA when .50% of obstructive respiratory events were detected or was defined as CSA when .50% of central respiratory events were detected.
Each study was performed for at least 6 hours of nocturnal sleep and was terminated after 12 hours of recording or upon the patient's request. PSG studies were acquired by a trained staff member at the patient's bedside. The patients were not transported out of their unit (ie, no change in the level of care). Usual nursing and physiotherapy practices were not altered during the study, and the patient was positioned according to the usual ward protocol.
analysis Scoring
An experienced technician, blinded to clinical history and concurrent study, performed the initial scoring analyses of all evaluations. Two board-certified sleep medicine physicians, similarly blinded, performed the final analyses of all evaluations and determined the presence and severity of SA.
Statistical analysis
Validity/accuracy: We sought to determine the validity of OCST to detect OSA of various severity levels (mild, moderate, and severe, as defined earlier), using traditional PSG as ground truth. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and their corresponding 95% confidence intervals (obtained with the binomial distribution) were calculated, and receiver operating characteristic (ROC) curves were constructed for each severity level. We planned to accept the validity of OCST for detecting and determining the severity of OSA if the area under the ROC (AUROC) for each severity level was 0.9 or higher. To determine the accuracy of OCST, OCST-AHIs were compared to PSG-AHIs using the Wilcoxon signedrank test, and a Bland-Altman curve was constructed. We planned to accept the accuracy of OCST if the simultaneously obtained OCST-and PSG-AHIs were statistically regarded as similar (P.0.05).
Descriptive statistics: Baseline characteristics and outcomes were described using standard statistical parameters (means with standard deviations, medians, and proportions). Several variables were analyzed, including stroke characteristics, patient demographic data, and sleep study 130 chernyshev et al Table 1 clinical characteristics and outcomes of the study population with comparisons between Sa (OSa + cSa) and non-Sa stroke subjects significant at 1% level (P ,0.01); ***not significant at 5% level but significant at 10% level (0.05,P,0.10). No cocaine use, amphetamine use, and marijuana use were reported by the patients in both groups. Abbreviations: Sa, sleep apnea; OSa, obstructive sleep apnea; cSa, central sleep apnea; mean, mean value; SD, standard deviation; BMi, body mass index; Dx, diagnosis; Na, no applicable statistical test; hTN, hypertension; DM, diabetes mellitus; hlP, hyperlipidemia; caD, coronary artery disease; Mi, myocardial infarction; hx, history of; caBg, coronary artery bypass grafting; PVD, peripheral vascular disease; r, the right side; Mca, middle cerebral artery; l, the left side; aca, anterior cerebral artery; Pca, posterior cerebral artery; hT, hemorrhagic transformation; NihSS, National institute of health Stroke Scale; Visit 1, the evaluation during hospital admission; Visit 2, the evaluation at 90 days from the hospital discharge; mRS, modified Rankin Scale. Barthel Index. Eight subjects did not meet inclusion/exclusion criteria 76 subjects did not meet prescreen criteria 12 subjects declined to give informed consent, five subjects could not give informed consent, and no proxy was available variables. Prevalence of SA (obstructive, central) was estimated. SA and non-SA stroke patients were compared using the chi-square tests (or Fisher's exact tests, as appropriate) for categorical variables and the two-sample Student's t-tests (or Wilcoxon rank-sum tests, as appropriate) for continuousmodeled variables. A P-value ,0.05 was used to determine statistical significance.
Results
Between October 1, 2010 and September 30, 2011, 126 patients with stroke-like symptoms were admitted to the neurology inpatient service at LSU Health Sciences Center at Shreveport. Of these, 25 subjects met all inclusion criteria, with four subjects later being excluded for various reasons. Paired studies from 21 subjects were available for final analysis (Figure 1 ).
Patient characteristics and Sa prevalence
Demographic and clinical characteristics of the study population are included in Table 1 . Twenty one out of 23 AIS patients (age 61±9.4 years; 52% male; 58% African-American) successfully completed both of the simultaneous screenings (9% technical failure). All subjects did not have previously established SA diagnosis and treatment. The median time from the onset of stroke symptoms to sleep study was 2 days.
There was evidence of SA in 14/21 (67%) subjects. OSA was present in 10/21 (48%) subjects, and CSA in 4/21 (19%) subjects. Seven of 21 (33%) subjects with AIS did not have evidence of sleep disordered breathing. Subjects with SA had higher body mass index (BMI) and were more likely to be classified as obese and to have larger neck circumference, compared to subjects without SA, but otherwise, clinical and physical examination characteristics were similar (Table 1) 83.3%, and 100%, respectively; PPV: 93.3%, 81.8%, and 100%, respectively; NPV: 100%, 100%, and 81.2%, respectively. Exact 95% confidence intervals for these proportions were obtained with binomial distribution (Table 3) .
accuracy and validity of OcST for diagnosis of OSa
When only patients with OSA were analyzed (n=10), the accuracy of OCST for estimation of relevant parameters was also acceptable. (Table 2) . Again, using PSG as ground truth, the validity of OCST for the classification of mild, moderate, and severe SA was evaluated, with OCST demonstrating sensitivity: 100%, 100%, and 75%, respectively; specificity: 85.7%, 83.3%, and 92.3%, respectively; PPV: 90.9%, 71.4%, and 75%, respectively; NPV: 100%, 100%, and 92.3%, respectively. Exact 95% confidence limits were likewise obtained for these proportions with the binomial distribution (Table 3) .
accuracy and validity of OcST for diagnosis of cSa
Except for determining severe SA using an AHI .30 for which sensitivity (33.3%) and NPV (20%) were low, the accuracy of OCST in subjects with CSA was acceptable for determining mild and moderate SA (Table 3) . OCST, compared with PSG, showed validity in the estimation of severity level (mild, moderate, and severe) with sensitivity: 100%, 100%, and 33.3%, respectively; specificity: 85.7%, 100%, and 100%, respectively; PPV: 80%, 100%, and 100%, respectively; NPV: 100%, 100%, and 20%, respectively.
Validity and accuracy of OcST for the diagnosis of Sa by rOc curves and Bland-altman plot AUROC analysis revealed high correlation between the severity levels classified by OCST compared with PSG. The AUROC for detection of OSA was found to be 1.0 for mild, 0.95 for moderate, and 0.97 for severe (Figure 2) .
Bland-Altman plot analysis indicates that though OCST tends to over-or underestimate the AHI, misclassification of disease presence and severity level is rare (Figure 3 ).
Discussion
Our study demonstrates the feasibility, accuracy, and validity of a portable, in-hospital cardiopulmonary screening modality (OCST) for the diagnosis of OSA and CSA, as compared to conventional PSG in patients with AIS.
Our findings are in concordance with other studies, demonstrating the validation of the portable technology in ambulatory and hospital settings. [37] [38] [39] [40] These studies led to the development of the guidelines for the use of portable technology. OCST may be considered as the "silver standard" of SA diagnosis in portable, out of sleep center conditions. [54] [55] [56] Although the AASM does not recommend using ambulatory OCST in complex patients with medical comorbidities (CHF, chronic obstructive pulmonary disease [COPD]), our analysis indicates that such testing is supported in settings when it is perhaps unsafe or impractical to perform standard in-laboratory PSG testing. The acute bedside evaluation in a high-risk hospitalized patient is an example of one of these settings. Practically, PSG is not always readily available to hospitalized patients with high risk of OSA (eg, patients with acute stroke or acute coronary syndromes). As a result, there is a need for reliable, portable, and inexpensive tools to establish the bedside diagnosis of OSA and accurately estimate its severity. 
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The role of OCST in diagnosis of OSA is under constant discussion. 56 The OCST is well recognized as a "diseasefinding" tool in OSA diagnosis. 57 With appropriate clinical prescreening (eg, STOP BANG questionnaire), the portable OCST could be utilized as a screening or "disease-finding" tool to assist early delivery of positive airway pressure (PAP) therapy to acute stroke patients with OSA. [58] [59] [60] [61] [62] [63] [64] [65] [66] A potentially practical approach to screening and testing for SA in the acute setting is presented in Figure 4 . This approach, after appropriate validation by randomized controlled trials, can also be potentially applied in any acute hospital setting in patients with a high SA probability, which may create a new opportunity for the development of combined acute sleep medicine protocols, providing a new role for sleep medicine centers in bedside in-hospital diagnosis and treatment of SA. It also introduces a new role for sleep medicine centers to play and a new opportunity for the development of the acute sleep medicine field as a part of the integrated sleep medicine paradigm.
The chief limitation to our study is the small sample size, which may have concealed clinical differences between those with and without SA, or differences in clinical course and outcomes. In addition, although, no statistically significant differences in AHI estimation were detected between OCST and PSG in OSA subjects, the reported data (P=0.08) may represent a statistical trend. This is likely due to the tendency of OCST to over-or underestimate the AHI. It is possible that a larger sample size would reveal more variability of AHI estimation comparing OCST to PSG, and that this could negatively impact the accuracy rating. Despite this, however, the ability of OCST to correctly classify disease severity was robust, suggesting that the clinical importance of this variability of AHI estimation is arguably limited. The limitations of our study are similar to other SA studies in stroke population. Kepplinger et al have noted that "Early SA screening on a stroke unit is feasible in patients with acute cerebral ischemia". 41 This is likely correct; however, evidence for the cross-reliability between a portable system and a formal PSG, as conducted on a hospital stroke unit itself, has been limited. The present study addresses the key question whether there is reliability between a portable system and an in-laboratory level of determination, in an acute poststroke inpatient setting. The feasibility of rapid diagnosis of OSA in stroke is an additionally important question that depends on finding reliability, but also would involve facility-level decision making about acquiring the equipment, personnel, and procedures needed to make such a treatment enhancement possible in a particular medical facility. However, the present study also separately addresses this feasibility question in a limited way, as the facility it was conducted in was relatively comparable to most other academic medical centers where stroke and sleep medicine care are jointly offered. The fact that AIS patients are brought to our institution for treatment and the availability of both portable OCST and in-laboratory conventional PSG in our stroke unit provide the main criteria for the feasibility of the present sleep study. Eligible subjects who gave informed consent provided the data for the screening of SA among them. Analysis of the data using appropriate statistical techniques made possible the testing of the study hypothesis that the portable OCST is a valid and accurate test for the diagnosis of SA among patients with AIS.
More studies should be performed to determine the safety and effects of acute CPAP treatment of OSA in stroke patients on stroke outcomes: functional recovery, morbidity, and 5-year mortality. These challenging studies cannot be done without the use of reliable portable diagnostic screening tools. The portable out-of-center sleep testing can be used to establish early and timely SA (OSA or CSA) diagnosis.
These projects and others may help generate the evidence needed to develop standardized recommendations for OSA management in stroke patients, potentially making a significant impact on health and advancing the acute sleep medicine field by improving the quality of acute medical care (diagnosis, therapy, and rehabilitation) for this category of patients.
Conclusion
Portable type III out-of-center sleep testing in patients with AIS is a valid and accurate test for the diagnosis of SA. 
